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ABSTRACT

Rechargeable lithium – ion batteries are the most advanced battery technology for
portable electronics. There are big potential for lithium – ion batteries to be used
for electric vehicles, hybrid electric vehicles and stationary power storage. In
particular, it will bring a significant contribution to improve the living environment
with reducing greenhouse gas emissions. It is reported that electrode materials
research plays a key role in the development of next generation of advanced
lithium – ion batteries with high energy density, high power density, and long cycle
life. In this thesis, the exploration on developing different anode materials and
cathode materials for lithium – ion batteries are described. The transition metal
oxides, vanadium penoxide (V 2 O 5 ) nanowires and nanostructured hematite (α –
Fe 2 O 3 ) hollow spheres were intensively investigated as cathode and anode
electrode materials, respectively. Several techniques, X – ray diffraction, scanning
and transmission electron microscopy, and Brunauer – Emmett – Teller technique
were applied to characterize the as – synthesized materials, while the
electrochemical properties were examined by the discharge – charge testing. The
maximum specific capacity was 357 mA h g-1, and 1258 mA h g-1 for V 2 O 5
nanowires and nanostructured α – Fe 2 O 3 hollow spheres, respectively. The
morphology and large specific surface area of the nanomaterials are thought to
contribute to the excellent electrochemical performance.
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DEFINITIONS

The following definitions are used during the discussions on batteries and
electrochemical capacitors.

A battery is one or more electrically connected electrochemical cells having
terminals/contacts to supply electrical energy.

The anode is the negative electrode of a cell associated with oxidative chemical
reactions that release electrons into the external circuit.

The cathode is the positive electrode of a cell associated with reductive chemical
reactions that gain electrons from the external circuit.

Working electrode is an electrode at which the reaction of interest occurs.

Reference electrode is an electrode that maintains a constant potential against
which the potential of another half – cell may be measured.

Counter electrode is the current – carrying partner of the working electrode.
The separator is a physical barrier between the positive and negative electrodes
incorporated into most cell designs to prevent electrical shorting. The separator can
VII

be a gelled electrolyte or a microporous plastic film or other porous inert material
filled with electrolyte. Separators must be permeable to the ions and inert in the
battery environment.

An electrochemical capacitor is a device that stores electrical energy in the
electrical double layer that forms at the interface between an electrolytic solution
and an electronic conductor. The term applies to charged carbon – carbon systems
as well as carbon battery electrode and conducting polymer electrode combinations,
sometimes called supercapacitors.

Discharge is an operation in which a battery delivers electrical energy to an
external load.

Charge is an operation in which the battery is restored to its original charged
condition by reversal of the current flow.
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XRD

X – ray diffraction

SEM

Scanning Electron Microscope

TEM

Transmission Electron Microscope

BET

Brunauer – Emmett – Teller gas sorption technique
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Cyclic Voltammetry

wt%

Weight percent
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Chapter 1 Introduction

The energy crisis and environmental protection are the most serious challenges
facing us today. The experimental challenge is increasing greenhouse gas
emissions due to the use of fossil fuels, which supply energy for our daily lives. In
order to protect the health and economy of our society, greenhouse gas
concentrations, especially from carbon dioxide (CO 2 ), must be reduced by using
clean and renewable energy to replace fossil fuels, unless there are significant
improvements in conversion efficiency. Meanwhile, it is also predicted that the oil
supply will have peaked by 2015 [1].

Electrochemical energy conversation and storage technology, including batteries,
supercapacitors, and fuel cells, will play an increasingly important part in
developing the new clean energy sources. Among the available systems, the
rechargeable lithium-ion battery is the most suitable for these purposes, because it
has several advantages over other rechargeable batteries and is the current power
source for popular portable electronic devices. In practice, lithium-ion batteries are
smaller and lighter than nickel cadmium (Ni – Cd) batteries, and they also have the
greatest energy density, which can be traded for almost equivalent high power [2].
However, despite their outstanding success, they still cannot meet the requirements
for large-scale energy storage and electric vehicle applications. On the other hand,
lithium-ion batteries are still open to improvements. The excellent electrochemical

5

performance of lithium-ion batteries, such as in high energy density, long cycle life,
and safe operation are determined by the physical, chemical, and structural
properties of the anode and cathode materials used in the battery system. Many
battery research programs are being conducted to overcome the key barriers
inherent to the commercial electrode materials [3]. Namely, the development of the
most appropriate electrode materials is essential for the next generation of batteries.
The research trends basically fall into the following directions: a) attempts to
discover new materials suitable for electrodes; b) the advancement of new methods
to synthesize the known electrode materials.

Nanomaterials are currently of interest for advanced rechargeable lithium-ion
batteries because of their attractive properties, such as higher specific surface area.
Nanostructures are usually highly beneficial for metal oxide electrodes, which
often show high electrochemical activity and good discharge performance, so they
are widely considered as possible electrode materials for lithium-ion batteries. It is
necessary to understand how metal oxide nanomaterials influence the properties of
lithium-ion batteries when applied as anode and cathode electrodes, and how to
further improve their specific capacities and cycle life. Thus, the aim of this work
is focused on synthesizing nanomaterials, including vanadium pentoxide (V 2 O 5 )
nanowires and hematite (α – Fe 2 O 3 ) hollow sphere nanostructures, and applying
them as electrode materials for use in rechargeable lithium-ion batteries. The
synthesis methods via different routes, the characterization of their physical
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properties, and their electrochemical performance are detailed.

Chapter 2 presents a literature review based on current lithium-ion batteries and
electrode materials. The chapter consists of a brief history and the fundamental
theory of batteries, especially rechargeable lithium-ion batteries, and the current
state of research and development of the electrode materials investigated in this
thesis.

Chapter 3 introduces the overall experimental methodologies that are relevant to
the entire research project in both written and visual formats. The techniques used
to prepare the electrode materials; the methods for the structural and physical
characterization; the stages for fabricating a coin cell and the various methods used
to examine the electrochemical performance of the materials are all described in
detail.

Chapter 4 deals with the preparation by hydrothermal treatment of nanostructured
vanadium pentoxide (V 2 O 5 ) powders with enhanced specific capacity as cathode
materials. Field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), and high resolution TEM (HRTEM) imaging revealed
the specific morphology of the V 2 O 5 nanowires. A high initial discharge capacity
of 357 mA h g-1 over the voltage range of 1.5 – 4.0 V (versus Li metal) at a current
rate of 0.1 C (C = 437 mA g-1) was evaluated by charge-discharge measurements.
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Meanwhile, a specific capacitance of 126 Fg-1 in 2 M KCl electrolyte at a 5 mV s-1
scan rate for supercapacitor applications was obtained.

Chapter 5 presents the synthesis of nanostructured α – Fe 2 O 3 hollow sphere
powders with highly desirable electrochemical properties by the hydrothermal
method. Scanning electron microscopy (SEM) and TEM measurements were used
to show the structure of the samples, which consist of hollow spherical particles,
each composed of several smaller particles 2 – 10 nm in diameter. After calcination
at the temperature of 700 °C for α – Fe 2 O 3 , these samples were made into negative
electrodes with very good electrochemical performance in the voltage range
between 0.01 – 3.0 V versus Li/Li+, with a high initial capacity of 1258.8 mA h g-1.

Finally, a general overview and summary of this study are given in Chapter 6, and
suggestions for further research work are also proposed.
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Chapter 2 Literature Review
2.1 Introduction

For the sake of future generations, the search for clean and efficient
electrochemical energy storage systems is becoming very important. Batteries, in
particular, rechargeable batteries, are the most suitable technologies, and are
regarded as an alternative power source. Due to the rapid increase in the use of a
wide range of advanced devices, such as portable electronics, stand-by power
systems, zero emission electric vehicles, even satellites, etc., there is an increasing
demand for larger capacity, smaller size, lighter weight, and lower priced
rechargeable batteries. In this case, battery research and development is focused on
improving energy density, increasing the rechargeability, maximizing performance,
and enhancing safety and environmental friendliness for the electrochemical
storage devices.

A battery is a device which can supply electricity conveniently by direct
conversion from the chemical energy contained in its active materials by means of
an electrochemical oxidation – reduction reaction. It usually consists of three major
components: the positive electrode (the cathode) is an electron acceptor, such as
lead oxide, manganese dioxide, or lithium cobalt oxide; the negative electrode (the
anode) is an electron donor, such as lead, zinc or lithium; and the electrolyte is an
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ionic conductor, which provides the medium for transfer of charge, as ions, inside
the cell between the anode and cathode. The electrolyte is typically a liquid with
dissolved salts, acids, or alkalis to impart ionic conductivity [4]. Accordingly,
batteries are generally identified as belonging to three classes: i) primary
(nonrechargeable) batteries, ii) secondary (rechargeable) batteries, depending on
their capability of being electrically recharged, and iii) special batteries. Batteries
from the third class are designed to meet a special purpose and mainly used for
military and medical applications [5].

Rechargeable batteries can be recharged electrically, after discharge, to their
original condition by passing current through them in the opposite direction to that
of the discharge current. Although rechargeable batteries will have a higher initial
cost, they can be recharged very cheaply and used many times. Rechargeable
batteries are currently categorized into lead acid batteries, lithium-ion batteries,
lithium-ion polymer batteries, nickel cadmium batteries, nickel metal hydride
batteries, and other less common types. The energy density of these secondary
batteries is compared in Fig. 2-1 [6]. The comparison indicates that lithium-ion
batteries perform better than lead acid or nickel metal hydride in terms of both
energy and power for a given battery weight. They also behave similarly to nickel
cadmium batteries in discharge characteristics and have relatively low
self-discharged. In addition, the rechargeable lithium-ion batteries have no memory
effect and long cycle life.
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Figure 2-1. Gravimetric and volumetric energy density of different
rechargeable battery systems [6].
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2.2 Rechargeable lithium batteries

2.2.1 A brief history

The battery as a means of storing was possibly first developed in antiquity. The
first possible example is the Baghdad battery, which was excavated in 1936 by
German archaeologists near Baghdad, Iraq [7], although the knowledge was
afterwards lost until the 18th century, when interest rapidly grew in the first real
electrochemical cell, the “Voltaic pile”, which consisted of alternating slabs of
silver and zinc separated by cloth soaked in brine. It was invented in 1792 by the
Italian physicist Alessandro Volta, with a stable potential depending on the metals
and the number of layers used [8]. It was not good for delivering currents for long
periods of time. This restriction was overcome in the Daniell cell, which was
developed by British researcher John Frederich Daniell in 1820. The Daniell cell
battery could provide more reliable current and was adopted by industry for use in
stationary devices. Then, the first rechargeable lead acid battery was invented in
1859 by Gaston Planté [9], based on the interaction between lead sheets and an
acidic electrolyte. It is still in use today as the most widespread battery system in
the world, with many design changes and improvements [10].

The rechargeable lithium battery was first demonstrated in the early 1970s, with
the assembly of a primary Li cell. The earliest version was the Li/(CF)n battery,
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with a cell potential of 2.8 – 3.0 V. It was proposed that lithium initially
intercalates into the carbon monofluoride lattice and then forms lithium fluoride as
the final reaction product [11 – 12].

Li + (CF) n → Li x (CF) n → C + LiF

In the early 1980s, the substitution of reversible Li+ intercalation host compounds
for metallic lithium gave rise to a new generation of rechargeable lithium-ion
batteries [13 - 15]. In 1991, Sony commercialized the lithium-ion battery and is
presently the largest supplier of this type of the battery. Graphitic carbon was found
to be dimensionally stable for lithium insertion and extraction. It became the
choice of anode materials for the lithium-ion battery in place of lithium metal and
lithium alloys. Since then, lithium-ion batteries have prevailed in the portable cell
market. The sale volume has exceeded the total sale volume of all other types of
batteries [16]. The market is still expanding rapidly. According to the market
research report “World Lithium Battery Markets” by Frost & Sullivan (an
international marketing consulting company), this industry is projected to produce
2.75 million units annually, which equals $4.94 billion in revenue by 2005 [17].

Lithium batteries can be divided into two families: primary cells and secondary
cells. Primary batteries are non-rechargeable, because the electrochemical reactions
are irreversible under practical conditions, and therefore the batteries are single use.
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The major advantages are that they are convenient, simple, and easy to use, require
little, if any, maintenance, and can be sized and shaped to fit the application. Other
general advantages are good shelf life, reasonable energy and power density,
reliability, and acceptable cost. For the secondary batteries, the important
properties are that there is a transformation of electric energy to chemical energy,
and it proceeds nearly reversibly.

2.2.2 Primary lithium batteries

Lithium metal is attractive as anode material because of its light weight, high
voltage, high electrochemical equivalence, and good conductivity. Primary cells
using lithium anodes have many advantageous features, including high specific
energy and energy density, operation over a wide temperature rage, flat discharge
characteristics, etc. [18]. Based on the type of electrolyte and cathode material used,
a classification of lithium primary batteries is shown in Fig. 2-2 [19]. Soluble
cathode cells use liquid or gaseous cathode materials, which dissolve in the
electrolyte or are the electrolyte solvent. Their operation depends on the formation
of a passive layer on the lithium anode resulting from a reaction between the
lithium and the cathode material. This prevents further chemical reaction (self discharge) between anode and cathode or reduces it to a very low rate. For instance,
the lithium (Li) – thionyl chloride (SOCl 2 ) battery, consisting of a SOCl 2 positive
electrode and a Li metal negative electrode, is built around a liquid cathode with a
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graphite current collector, and the electrode reactions are:
Li+ + e- → Li

(anode)

2SOCl 2 + 4e- + 4Li+ → LiCl + SO 2 + S

(cathode)

This kind of battery provides 3.5 V and an extremely long life, but has a serious
drawback in its constituents. Thionyl chloride is extremely toxic, and upon deep
discharge, a dangerous pressure of SO 2 gas can be built up. Therefore, these
batteries need to be maintained properly and are not commonly available to the
public [20].

Figure 2-2. Classification of lithium primary battery types [19].

Another type of cell, solid cathode cells, use solid rather than soluble gaseous or
liquid materials for the cathode. With these solid cathode materials, the cells have
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the advantage of not being pressurized or necessarily requiring a hermetic-type seal,
but they do not have the high-rate capability of the soluble-cathode systems. Its
discharge is not as flat as that of the first type, but at ambient temperature the
capacity of these cells may be higher than that of the lithium/sulfur dioxide cell.
Generally, the most common type employs MnO 2 as cathode, and an organic
electrolyte. The electrode reactions can be written as:

Li+ + e- → Li

(anode)

MnO 2 + e- + Li+ → LiMnO 2

(cathode)

These cells are found in watches, calculators, and all sorts of low power/low drain
applications. There are a number of other solid cathodes used in lithium primary
cells, for example, V 2 O 5 , CuS, FeS 2 , and FeS.

One last type of primary lithium battery is the solid-electrolyte cell. These batteries
are noted for their long storage life, but are capable of only low-rate discharge in
the microampere range. They are used in applications such as memory backup,
cardiac pacemakers, and similar equipment.

2.2.3 Secondary lithium batteries

The typical secondary lithium cell is a concentration cell (also known as a rocking
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chair battery) where the lithium ions are transported from a lithium source to a
lithium sink during charge. The modern secondary lithium electrode uses a host
material to store lithium ions. These materials generally take the form of
intercalation, or insertion, compounds. Typical electrodes have a layered structure
with large open channels for the diffusion and storage of the lithium guests.
Intercalation compounds permit an insertion of lithium where the mobile lithium
guests occupy open layers of the stable host. This is equivalent to an interstitial
insertion of lithium into the host. This method of lithium insertion/extraction has
the potential to admit lithium with only minor modifications to bonding and the
host structure. Mitigating changes in the electronic and mechanical structure
throughout the cycle are critical to ensure a reversible reaction. Secondary lithium
batteries have emerged in the last decade to capture over half of the sales value of
the secondary battery consumer market, in applications such as laptop computers,
cell phones, and camcorders [21].

2.2.4 Principles of operation

After the original rocking chair batteries were revealed, new names for batteries
using transition metal compound anodes and cathodes appeared: lithium ion,
shuttlecock, swing electrode system, etc. Lithium-ion batteries consist of the three
primary functional components of positive electrode (cathode), negative electrode
(anode), and electrolyte. The operation is simply based on the theory of Li+ ions
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migrating between the cathode and the anode through the electrolyte. During the
charge process, lithium ions are deintercalated from the cathode, travel through the
electrolyte, and get intercalated into the graphite anode. The reverse process occurs
in the discharge process. A schematic diagram of a rechargeable lithium battery is
shown in Fig. 2-3 [24]. Unlike primary batteries, rechargeable batteries, once
discharged, can be returned to their fully charged state and repeatedly discharged
for up to hundreds of cycles. They are, therefore, fundamentally different from
non-chargeable primary lithium batteries, in that the basic form of the cathode and
anode materials do not change [22 – 23].

The electrode system must allow for the flow of both lithium ions and electrons.
That is, it must be both a good ionic conductor and an electronic conductor to
prevent self-discharge of the cell. The electrolyte may consist of a liquid organic
solvent containing a high concentration of dissolved lithium salts. It usually can be
subdivided into aqueous, non-aqueous, and solid types. Inorganic salts dissolved in
non-aqueous liquids are the most common electrolyte solution used in rechargeable
lithium batteries. Each electrolyte is stable only within a certain voltage and
temperature range.

18

Figure 2-3. Schematic illustration of lithium ion battery during the charge –
discharge process [24].
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In an electrochemical cell, the overall reaction can be described by two half-cell
reactions: one for the anode and one for the cathode. The cathodic and the anodic
reactions can be represented respectively as follows [25 – 26]:

At the anode:

aA + ne- ←→ cC

At the cathode:

bB – ne- ←→ dD

Where a is the number of moles of A, b is the number of moles of B.

The operation of lithium-ion batteries obeys the thermodynamic laws. Thus, the
electrochemical reactions follow the Gibbs – Helmholtz equation:

ΔG = ΔH – TΔS
ΔG – free energy of the reaction
ΔH – reaction enthalpy
ΔS – reaction entropy

The free energy ΔG is also related to the cell voltage for the electrochemical
reactions occurring at the two separate electrodes, based on Faraday’s law:

ΔG = - nFE
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where n is the number of electrons transferred; F is the Faraday constant (96500);
and E is the cell voltage (the potential different between the positive electrode and
the negative electrode).

From thermodynamic considerations, the open circuit voltage V oc of a lithium ion
battery can be defined as the difference between the electrochemical potentials, Φ,
of the lithium ion between the anode and the cathode divided by the electronic
charge, and it can be calculated from the following formula:

V oc = (Φ c - Φ a ) / e

where e is the electronic charge. A schematic energy level diagram showing the
work functions is presented in Fig. 2-4 [27]. The Fermi energies (E F ) of the anode
and cathode must lie within the band gap (E g ) of the electrolyte. Therefore, the
anode and cathode materials are thermodynamically stable in contact with the
electrolyte, and there will be no side reduction or oxidation of the electrolyte. Since
the chemical potential of the lithium ion is involved in determining the open circuit
voltage V oc , it is affected not only by the difference in the work functions of the
cathode and anode, but also by the crystal structure and the coordination geometry
of the sites occupied by lithium ions.
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Figure 2-4. Schematic energy diagram of a cell at open circuit [27].

To evaluate the properties of electrodes in a battery some general concepts are
introduced, as follows:

Energy density
Energy density refers to the amount of electrical energy available from the battery
in a single discharge cycle, expressed in energy/mass (Wh/kg) or energy/volume
(Wh/L) of battery material. The theoretical energy density (Wh/kg) of a battery is a
function of the battery voltage (V) times the charge capacity (Ah/kg) of the system.
The actual energy density is always less than the theoretical value due to the
inactive materials such as the electrolyte, conductivity additives, current collectors
and packaging [28].
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Power density
The rate at which energy is delivered to or from the battery defines its power (W or
kW). The specific power (W/kg) is given by the battery voltage (V) times the
battery discharge rate (A/kg). The discharge rate can be expressed in terms of a C –
rate.

Cycle life
Cycle life is considered as the number of charge/discharge cycles a battery can
tolerate before it becomes unusable in a specific application. It is highly dependent
on the depth of discharge of each cycle, with the cycle life decreasing drastically
with higher depths of discharge when discharge cycles extend into irreversible
regimes due to irreversible phase transformations [29].

2.2.5 Advantages and commercial applications

The major advantages and disadvantages of lithium-ion batteries, relative to other
types of batteries, are summarized in Table 2-1 [30]. The high specific energy and
energy density of commercial products makes them attractive for weight or volume
sensitive applications. Lithium-ion batteries offer a low self-discharge rate, long
cycle life, and a broad temperature range of operation, enabling their use in a wide
variety of applications.
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Table 2-1. Advantages and disadvantages of lithium-ion batteries [30].

Market interest in this cost-effective, high-performance, and safe technology has
driven spectacular growth. It has rapidly become the standard power source in a
broad array of markets, and battery performance continues to improve as
lithium-ion batteries are applied to an increasingly diverse range of applications,
including consumer electronics, such as cell phones, laptop computers, and
personal data assistants, as well as military electronics.

2.2.6 Challenges and future technologies

In addition to use in these applications, lithium-ion batteries are growing in
popularity and represent a serious challenge in the years to come to take over the
electric vehicle (EV) and hybrid electric vehicle (HEV) market. Some of the
aspects of these batteries which require careful consideration are illustrated. Firstly,
cathode materials can store only so much lithium per gram of mass. Secondly,
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anode materials can store only so much lithium per gram of mass. Then, while
keeping the cathode and anode apart, the separator membrane must allow Li+ ions
to pass through unhindered, so it needs both porosity and minimal thickness. Last,
the cell needs current-conducting elements to get electrons out of the cell, and
permit them to re-enter at the other pole. These need to have an acceptable
conductivity to suit the intended range of applications of the battery, and this will
entail some addition of weight to the battery, affecting the energy density or the
power to weight ratio of the cell [31]. It is likely that further development and
improvement of lithium-ion batteries will continue for many years. For example,
the new wide range of “nanostructured” electrode materials is currently being
actively investigated and this will help in the quest for higher power cells and
batteries for motorised applications where very large electric currents are required.
The study of fuel cells is seen in many cases as complementary to that of
lithium-ion batteries rather than in competition with it. Last but not least, an
important area of development is the “Battery Management System” which can
extend the life and safety of lithium-ion batteries by electronic monitoring and
control of charge and discharge.
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2.3 Battery materials

Electrode materials for lithium-ion batteries must comply with some important
requirements on electrochemical performance, including high charge density, good
electronic and ionic conductivity, good reversibility, and structural stability. In
other words, alternative electrode materials for high-power and high-energy
density should combine a high specific charge with good rechargeablility.

2.3.1 Cathode materials

Cathode materials play a major part in the operation of lithium-ion batteries. Since
carbon materials are widely used as anodes, which have a potential close to that of
Li/Li+ reference electrode, the voltage of lithium-ion batteries is mainly determined
by the potential of cathode materials. In this case, viable positive electrode
materials must satisfy a number of requirements, as summarized in Table 2-2. A
great number of materials have been investigated as cathode materials for
lithium-ion batteries. However, the number of different materials which are
suitable as cathode hosts is quite limited.

26

Table 2-2. Requirements for lithium-ion positive materials.
Reversibly incorporates lithium without structural change
High potential relative to Li/Li+ reference electrode
Large quantities of lithium
Good electronic conductivity
High lithium chemical diffusion coefficient
Low cost

Currently, the preferred cathodes are the layered lithium transition metal oxides
(TMO). A layered structure is well suited as an intercalation cathode owing to good
mobility of lithium ions and high tolerance of internal strains of intercalation [32].
Their crystal structures have rhombohedra symmetry and belong to the R3m space
group. In these materials, the lithium and TM ions are ordered along the (111)
planes to form alternating cation layers [33 – 34]. The strong electronegativity of
oxygen guarantees a highly ionic character to the TM – O bond, which, in turn, is
associated with a high potential of the metal redox couple. Elements of the first
row in the periodic table form TMOs with the lowest mass, high valence states, and
open structures that withstand lithium uptake and removal [35]. The layered
transition metal oxide structure is shown in Fig. 2-5 [21].
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Figure 2-5. The layered structure of lithium transition metal oxide unit cell
[21].

Lithium cobalt oxide (LiCoO 2 ) is easy to prepare in the ideal layered structure, so
it was the first active material for positive electrode that was commercialized on a
large scale by Sony in 1990. It shows a flat operating voltage of 3.9 V vs. Li/Li+,
but the actual specific charge is only ~ 135 mA h g-1. In addition, the toxicity and
high cost of cobalt have spurred recent efforts to find a better alternative.

The isostructural lithium nickel oxide (LiNiO 2 ) is an attractive choice because of
its better elevated-temperature performance. Nonetheless, due to the difficult
synthetic procedure, poor structural stability on cycling, and poor thermal stability
of the delithiated state, LiNiO 2 has not been commercially successful.
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Spinel lithium manganese oxide (LiMn 2 O 4 ), is also of commercial interest,
particularly for applications that are cost sensitive or require exceptional stability
under abuse. It has lower capacity, 120 mA h g-1, and slightly higher voltage, 4.0 V
vs. Li, but has higher capacity loss on storage, especially at elevated temperature,
relative to the cells that use LiCoO 2 , as described above [19].

Lithium iron phosphate (LiFePO 4 ) olivine is a new cathode material that
potentially has low cost, natural abundance of raw materials, and environmental
friendliness. It is expected that lithium iron phosphate will have a significant
impact on electrochemical energy storage. Its theoretical specific charge is 170 mA
h g-1. The potential in an electrolyte containing Li+ is equal to 3.4 V vs. Li/Li+.
Meanwhile, LiFePO 4 cathode materials have excellent stability during cycling
when used with common organic electrolyte systems, and long cycle life (up to
2000 cycles compared to 400 cycles with LiCoO 2 ). However, the low electronic
conductivity (10-9 S cm-1) and low rate capacity of such compounds do not permit
us to use them in positive materials. In order to enhance and optimize the
properties of LiFePO 4 , several practical approaches have been proposed. One is
the reduction of the grain size and consequently, reduction of the diffusion length,
both for electrons and ions, and the other is the manufacture of nanocomposites of
LiFePO 4 with a conductive phase such as carbon [36-40].

Vanadium oxide is another typical intercalation compound for lithium-ion batteries
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as a result of its layered structure. Among several known vanadium oxides, the
metastable oxides designated as VO 2 (B), V 6 O 13 , V 2 O 5 , and V 3 O 8 are the most
interesting cathodes. Layered vanadium pentoxide (V 2 O 5 ) has been the most
studied in spite of its low discharge voltage, low electrical conductivity, and slow
diffusion kinetics of lithium ions [41]. To improve the performance of cells
employing vanadium pentoxide as cathode, several techniques have been tested,
including the use of aerogels, xerogels, and nanocomposites of LiV 2 O 5 with
electronically conducting organic polymers and nanostructured materials. On the
other hand, due to its low cost and ability to exist in different oxidation states, this
compound is also a promising electrode material for supercapacitors.
Supercapacitors have a unique energy storage principle, very high rates of charge
and discharge, little degradation over hundreds of thousands of cycles, good
reversibility, constituent materials with low toxicity, and high cycling efficiency
(95% or more), and more and more papers are published every year that focus on
this energy storage device.

2.3.2 Anode materials

Various materials have been proposed as anode materials for rechargeable
lithium-ion batteries, such as carbonaceous materials, lithium alloys, transition
metal oxides, and metallic lithium. Nevertheless, the practical use of these
materials has not been assessed yet. The basic requirements for anode materials
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include:
(i)

The potential of lithium insertion and extraction in the anode versus lithium
needs to be kept as low as possible.

(ii)

The amount of lithium which can be accommodated by the anode material
should be as high as possible to achieve a high specific capacity.

(iii)

The anode hosts should endure repeated lithium insertion and extraction
without any structural damage to obtain long cycle life.

A variety of carbonaceous materials have been extensively investigated as
intercalation anode materials. The morphological differences between the different
carbonaceous materials have a great impact on their Li+ intercalation behaviour.
Such materials can be roughly classified as graphite, soft carbon, and hard carbon
from a crystallographic point of view [42]. Soft carbon refers to carbon that is
highly oriented, but has less crystallinity than graphite. This class includes
mesocarbon microbeads (MCMB), some types of cokes, etc. Hard carbon refers to
highly disordered carbon materials, which are usually prepared from organic
polymers and resins, such as glassy carbon, some types of carbon fibres, etc. At
present, graphite is employed as commercial anode material, because it is the most
suitable anode material, considering its cycling efficiency and electrochemical
reaction potential. It can intercalate Li up to the ratio of 1:6 (LiC 6 ). This gives a
gravimetric capacity of 372 mA h g-1, based on the reaction:
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Li+ + 6C + e- → LiC 6

The graphite structure shifts to an “AA” stacking type (Fig. 2-6) [43], passing
through a number of characteristic phases, as the amount of lithium increases. It is
expected that carbon materials will reach a capacity of 600 – 700 mA h g-1 with
satisfactory cycle life and reversible capacity.

Figure 2-6. The structure of LiC 6 [43].

There is a group of anode materials that have been developed extensively, due to
their much higher theoretical specific charge capacities compared to graphite, but
have not yet reached commercialisation. These are the lithium metal alloys, Li x M,
where M is typically Al, Sn, Si, or Sb [44]. One problem, however, is a side-effect
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of their ability to accommodate large amounts of lithium atoms, namely, high
volume expansion and contraction during cycling. As a result, mechanical stress
and cracks occur during cycling, which leads to electrochemically inactive
particles and thus quite poor cycling stabilities. One solution to this problem is the
intermetallic compounds: AlSb, Cu 6 Sn 5 , and Cu 2 Sb. The volume changes in these
materials are much less compared to the lithium metal alloys. The reason for this is
that intermetallic compounds contain a second element that is usually not
electrochemically active, but can buffer the volume expansion and contraction
during cycling.

Metal oxides (MOs) were long regarded as only cathode materials, and their
potential utility as anode materials was unknown. This was until it was
demonstrated that a small amount of lithium ions could be removed from their
crystal structure at low potential, making them also potentially suitable anode hosts.
It was surprising to find that MO compounds (where M is Co, Ni, Fe, Cu, or Mn)
that do not alloy with Li, exhibited capacities two three times those of carbon with
100% capacity retention for up to 100 cycles. It is hoped that the use of this kind of
metal oxide to enhance surface electrochemical reactivity will lead to further
improvements in the electrochemical properties of lithium-ion batteries.
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2.4 Nanomaterials

Nanomaterials are powders and materials optimized on the nanoscale (1 – 100 nm).
On the nanoscale, the theories of classical and quantum mechanics overlap, and a
rich variety of unexpected properties is possible. There are several significant
advantages associated with the use of nanomaterials in electrodes for lithium-ion
batteries. These include [45]:



A better accommodation of the strain caused by volume changes upon lithium
intercalation/deintercalation. This will reduce the likelihood of electrode
cracking and potentially extend the cycle life of the cell.



The possibility of new reactions that do not occur in the bulk form of a
material.



Higher charge/discharge rates made possible by increased electrode-electrolyte
contact area.



Reduced path length for ionic and electronic transport. This can allow
materials that have an inherently low electronic conductivity to perform better
and also further aid the cell performance in high power applications.

Conversely, there are some potential disadvantages of using nanomaterials,
including:
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An increase in undesirable electrode – electrolyte reactions due to high surface
area, leading to self discharge and to poor cyclability.



Lower volumetric energy due to inferior particle packing.



Often more complex synthesis than traditional processes.

New applications for materials can be created with novel or significantly enhanced
properties. Products produced from these materials exhibit unique properties and
have a wide range of high value commercial applications in rapidly expanding
markets. Right up to the present, the unique properties of nanomaterials and
structures on the nanometer scale have sparked the attention of materials
developers. Incremental shifts in product performance from using them, for
example, as fillers in plastics, as coatings on surfaces, and as ultraviolet (UV)
protectants in cosmetics, are already occurring [46]. Today, nanomaterials are
entering many sectors, including medicine, energy, and electronics. They are
currently being worked on in hundreds of laboratories and programs around the
globe. Some of them will find useful applications that will revolutionize much of
how we will live in the years ahead.
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Chapter 3. Experimental
3.1 Materials and Chemicals

The list of materials and chemicals used for the synthesis, characterization, and
electrochemical testing is presented in Table 3-1. The details of the suppliers are
also provided for reference.

Table 3-1. Description of materials and chemicals used throughout these
studies.

Materials or Chemicals

Formula

Purity

Supplier

Vanadium (V) oxide

V2O5

98%

Sigma-Aldrich

Pluronic 123

P - 123

99.9%

Sigma-Aldrich

99.999%

Hosen
Corporation,
Japan

Carbon black

Lithium foil

Li

Aluminum foil

Al

China

Copper foil

Cu

China

Polyvinylidene difluoride
(PVdF)

99%
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Sigma-Aldrich

N-Methyl pyrrolidinone
(NMP)

C 5 H 9 NO

Sigma-Aldrich

CR2032 coin-cell hardware

Stainless steel

Hosen
Corporation,
Japan

LP30 electrolyte

EC(Ethylene
carbonate):DMC(Dimethyl
carbonate)=1:1 w/w

Merck

Postassium Chloride

KCl

99%

Sigma-Aldrich

Ammonia Phosphate

NH 4 H 2 PO 4

97%

Sigma-Aldrich

Potassium ferricyanide

K 3 [Fe(CN) 6 ]

99%

Sigma-Aldrich

Sodium sulfate, anhydrous

Na 2 SO4

99%

Sigma-Aldrich

Hexadecyltrimethylammonium
bromide

CTAB

99%

Sigma-Aldrich

100%

Sigma-Aldrich

Ethanol (absolute)
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3.2 Experimental procedures

This research work consists of two main parts: the first part covers the fabrication
and characterization of the electrochemically active materials; while the second
part involves the applications of these electrochemical active materials as
electrodes for use in lithium-ion rechargeable batteries. The overall experimental
procedure is schematically illustrated in Fig. 3-1.

Active materials
preparation

Hydrothermal
treatment

X–ray diffraction
SEM

Materials
characterizations

TEM

Powder mixing
Slurry pasting

Electrode
preparation

Vacuum drying

Cyclic
Voltammetry

Test cell
fabrication

Discharge - charge
testing

Figure 3-1. Schematic diagram of experimental procedures.
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3.3 Materials synthesis techniques

Hydrothermal treatment
Hydrothermal synthesis is a method used to synthesize single crystals. The crystals
are grown in hot water under high pressure, depending on the solubility of the
precursors. The synthesis is performed in an apparatus called an autoclave, in
which the ‘nutrient’ solution containing precursors for crystal growth is supplied
along with water. A gradient of temperature is maintained at opposite ends of the
growth chamber, so that the hotter end dissolves the nutrient and the cooler end
facilitates growth of the crystal seeds.

There are several advantages of the hydrothermal method over other types of
crystal growth. First of all, it has the ability to create crystalline phases which are
not stable at the melting point. The growth of materials with a high vapour pressure
near their melting points can then be performed. The method is also particularly
suitable for the growth of large, good quality crystals, while maintaining good
control over their composition. The disadvantages include the need for expensive
autoclaves and the impossibility of observing the crystal as it grows.

Vanadium pentoxide (V 2 O 5 ) nanowires and iron (III) oxide (Fe 2 O 3 ) hollow
spheres were synthesized by a hydrothermal process. A Teflon lined autoclave was
used with a maximum temperature limitation of 300 °C.
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3.4 Materials characterization

3.4.1 Structure characterization

The phases and crystal structure of samples of all the materials were identified by
X-ray diffraction. X-rays represent a form of electromagnetic radiation with high
energies and short wavelengths. An X-ray beam will be scattered in all directions
when it impinges on a solid material. This is because of the electrons associated
with each atom or ion that lies within the beam’s path.

There are many diffraction techniques applied, among which the most common
one is to employ a powdered or polycrystalline specimen consisting of many fine
and randomly oriented particles. These particles are exposed to monochromatic
X-ray radiation. Each powder particle (or grain) is a crystal, and there are a large
number of them with random orientations. These orientations ensure that some
particles are properly oriented so that every possible set of crystallographic planes
will be available for diffraction.

To determine the crystal structure is one of the primary uses of X-ray
diffractometry. As the particular arrangement of atoms within the unit cell leads to
particular relative intensities of the diffraction peaks, the unit cell size and
geometry may be resolved from the angular positions. X-ray are also used in the
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determination of residual stress and crystal size [47].

In this study, X-ray diffraction with a Philips PW – 1730 diffractometer (40 kV, 35
mA) with monochromatized Cu Kα radiation (λ = 1.5418 Å ) at a scan rate of
1°/min and step size of 0.02° was used. The crystal sizes were calculated using the
Scherrer equation:

D = 0.9λ / β cos θ

where λ is the X-ray wavelength, β is the observed full width at half maximum
(FWHM), and θ is the Bragg angle.

All X-ray diffraction patterns were analysed using the Difftech Traces V6 software
program and checked with the International Centre for Diffraction Data (ICDD)
database. X-ray diffraction patterns were also refined by the Rietveld method using
the Rietical software program.

3.4.2 Material morphology observation

The morphologies of the nanosize particles of the active materials were obtained
and analysed using scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and high resolution TEM (HRTEM). TEM samples were
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prepared by dispersing powders in ethanol via ultrasonic vibration to form a
homogeneous suspension. In succession, droplets of the suspension were dropped
onto a copper mesh coated with holey amorphous carbon film.

Ordinarily, electron diffraction is performed as electron backscattering diffraction
in SEM and TEM. The electrons are accelerated by an electrostatic potential. This
will result in the desired energy and wavelength for the electrons before they
interact with the sample to be studied. The periodic structure of a crystalline solid
acts as a diffraction grating, scattering the electrons in a predictable manner. It may
be possible to deduce the structure of the crystal from the observed diffraction
pattern. However, the technique is limited by the phase problem.

3.4.3 Brunauer – Emmett – Teller (BET) Technique and Pore Size
Distribution

The Langmuir isotherm will not be valid when molecules form multilayers. To take
this possibility into account, in 1938, Stephan Brunauer, Paul Emmett, and Edward
Teller developed a model isotherm. The theory is called the BET theory, from the
initials of their last names. The BET theory is used to calculate the specific surface
area (m2 g-1) of materials from N 2 adsorption isotherms.

The pore size distribution, on the other hand, is found from applying the gas
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adsorption isotherms to describe the distribution of pore volume with respect to
pore size; alternatively, it may be defined by the related distribution of pore area
with respect to pore size.
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3.5 Electrochemical testing

3.5.1 Electrode preparation

The working electrodes were prepared by mixing, using a mortar and pestle,
electrochemically active materials with 10 – 20 wt. % carbon black, which acts as
the electrical conductor, and 10 wt. % polyvinylidene fluoride (PVdF), which acts
as the binder, in N-methyl-2-pyrrolidinone (NMP), which acts as the solvent, to
form a homogeneous slurry pasted on a substrate, either copper (anode) or
aluminium (cathode) foil, which served as the current collectors.

The typical mass loading of the electrodes was 2 – 4 mg cm-2, depending on the
density of the electrochemically active samples. Subsequently, the coated
electrodes were dried in a vacuum oven at 110 °C for 12 h and then compressed for
10 s to enhance the contact between the electrochemically active materials and the
conductive carbon black with respect to the current collector.

If not otherwise specified, all measurements were performed using metallic lithium
as the counter electrode. Because the potential of metallic lithium is nearly
constant at moderate or low current densities, the counter electrode also acts as the
reference electrode. The working electrodes were used for electrochemical cell
assemblies for further electrochemical testing.
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3.5.2 Test cell assembly

CR2032 coin-type half cells were fabricated to evaluate the anodic or cathodic
performance of the active materials. A microporous plastic film (Celgard 2500,
Celgard Co., USA) was used as the separator. Li metal foil was used as the counter
and reference electrode, and 1 M of lithium hexafluorophosphate (LiPF 6 ) dissolved
in a 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
was employed as the electrolyte. The assembly was carries out in an Ar-filled glove
box with less than 0.1 ppm each of oxygen and moisture. A schematic of the
typical structure of a completed coin test cell is shown in Fig. 3-2.

Figure 3-2. A schematic diagram of the configuration of the coin type test cell.
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3.6 Electrochemical characterization

3.6.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement, in which the working electrode potential is ramped linearly versus
time as in linear sweep voltammetry. It is performed by scanning the voltage
between two chosen cut-off voltages at a given sweep rate, while simultaneously,
the response current arising from the electron transference is measured and
recorded. In a cyclic voltammogram, the positive current represents the lithium
deintercalation process, and the negative current the lithium intercalation process.

An analyte with redox activity within the experimental potential window is
important to the utility of cyclic voltammetry measurements. It is also highly
desirable for the analyte to exhibit a reversible wave, which is when an analyte is
reduced or oxidized on a forward scan, and it can be then re-oxidized or re-reduced
in a predictable way on the return scan.

For the CV measurements, a CHI 660B Electrochemical Workstation was used for
testing at room temperature.
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3.6.2 Charge – Discharge testing

Most battery researchers incorporate charge – discharge testing in their suite of
performance tests of battery materials or construction designs. In this case, it was
conducted using a battery testing system (BT – 5 Cell – Tester, Neware Technology
Inc., China) with a computer (PC) and compatible software at a constant current of
0.01 – 0.02 mA. The current rate was determined on the basis of the theoretical
capacity of the active materials, which is the quantity of electricity involved in the
electrochemical reaction. It is denoted Q and is given as following [25]:

Q = xnF

where x is the number of moles of reaction, n is the number of electrons transferred
per mole of reaction, and F is Faraday’s constant. The capacity is usually given in
terms of mass, not the number of moles:

Q = nF/M r

where M r is the molecular mass. The C rate is a method of expressing the constant
current applied to an electrode in relation to its theoretical capacity, and the
specific capacity of all cells tested was calculated by considering only the active
mass in the electrode.
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Chapter 4. Preparation of V 2 O 5 nanowires by
surfactant-assisted hydrothermal treatment and their
enhanced electrochemical properties for lithium-ion
batteries and supercapacitors
4.1 Introduction

Lithium-ion batteries, with their outstanding performance and high theoretical
capacity (more than 3860 mA h g-1), are being used as power sources in increasing
quantities in a variety of applications, including cameras, memory backup circuits,
laptop computers, cellular phones, etc. A number of transition metal oxide
electrode materials have been examined to provide greater capacity, high energy
density and higher safety for use as the cathode in lithium-ion batteries.
Furthermore, these transition metal oxides showing good electrochemical activities
are widely considered as possible materials for supercapacitors, which is currently
another important topic in international research.

Vanadium pentoxide (V 2 O 5 ) has attracted much attention among the transition
metal oxides in research on lithium ion batteries and supercapacitors. It has
received such wide attention because of its unique features, such as high
electrochemical activity and high stability. V 2 O 5 powder has a high theoretical
capacity (437 mA h g-1) compared with other typical commercial materials, and 3
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lithium/mole of V 2 O 5 can be inserted at potentials between 1.5 and 4.0 V versus
Li+ [48 - 49]. In previous studies, the results have shown that V 2 O 5 has a high
specific capacity, but exhibits weak cyclability due to damage to the crystal
structure during charge-discharge cycling [50]. Since its performance depends on
the morphology and structure, V 2 O 5 is under investigation with a view to forming
nanostructures that will improve the cycle life. Various vanadium pentoxide
nanostructures have been obtained to date, including nanotubes, nanobelts,
nanoribbons, and nanowires, which were synthesized by various physical and
chemical techniques, such as sol-gel processing [51], template-based methods,
thermal evaporation, the hydrothermal method [52 - 59], and electrodeposition [60].
It has been concluded that a high contact surface area between the active materials
and electrolyte can be achieved and will be useful for large-scale Li+ intercalation
[61]. In addition, due to its low cost and ability to exist in different oxidation states,
V 2 O 5 is also a promising electrode material for supercapacitor application [62]. It
exhibits a higher specific capacitance than other transition metal oxides such as
manganese dioxide (MnO 2 ) and magnetite (Fe 3 O 4 ).

In the work shown here, well-crystallized V 2 O 5 nanowires with a high specific
capacity (357 mA h g-1) that were synthesized via hydrothermal treatment of
commercial V 2 O 5 powders in aqueous solution, with the aid of the surfactant P123
and a post-annealing process to form pure V 2 O 5 nanowires, are described. We
further characterized the V 2 O 5 nanowires using scanning electron microscopy
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(SEM), X-ray diffraction (XRD), and transmission electron microscopy (TEM).
The electrochemical properties were examined for use in lithium ion batteries and
electrochemical capacitors by cell testing measurements and cyclic voltammetry
(CV).

4.2 Experimental

4.2.1 Synthesis of V 2 O 5 nanowires

0.181 g commercial V 2 O 5 powder (1 mmol) and 0.5 g P – 123 [Pluronic 123,
H(-OCH 2 CH 2 - 20 {-OCH-(CH 3 )CH 2 -} 70 (-OCH 2 CH 2 -) x OH)] were first dissolved in
30 mL deionised water and stirred vigorously for about 10 minutes to form an
orange suspension, which was transferred into a 35 mL autoclave with a
polytetrafluoroethylene (PTFE, Teflon) lining inside a stainless-steel shell. The
autoclave was put under hydrothermal treatment at 180 °C for 48 h and cooled to
room temperature naturally. Then, the precipitate V 3 O 7 ·H 2 O was filtered off and
washed with distilled water and anhydrous ethanol several times to remove
possible residue, before drying in a vacuum oven at 60 °C. The product was finally
annealed at 500 °C for 2 h to yield yellow crystalline vanadium pentoxide
nanowires.
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4.2.2 Characterization

The morphology and microstructure of the as-prepared V 2 O 5 nanowires were
characterized by X-ray diffraction (XRD) using a GBC MMA X-ray diffractometer
with Cu Kα radiation and a graphite monochromator, field-emission scanning
electron microscopy (FESEM, JOEL JSM-7500FA) and transmission electron
microscopy (TEM, JEOL 2011 200 keV analytical electron microscope).

4.2.3 Electrochemical measurements

To test the electrochemical performance, V 2 O 5 nanoparticles were mixed with
carbon black and a binder, polyvinylidene difluoride (PVdF), in a weight ratio of
70:20:10, respectively, in a solvent, consisting of N-methyl pyrrolidinone (NMP).
The slurry was uniformly pasted onto pieces of Al foil with an area of 1 cm2. Such
prepared electrode sheets were dried at 110 °C in a vacuum oven and then pressed
for 10 s. Subsequently, coin cells were assembled in an argon-filled glovebox, with
V 2 O 5 nanoparticles on Al foil as the working electrode, Li foil as the counter
electrode and reference electrode, a polypropylene film as separator, and 1 M
LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume)
as the commercial electrolyte. Charge-discharge and cyclic voltammetry (CV)
measurements were performed using a Neware battery test station and a CHI 660B
electrochemistry workstation. The cells were cycled in a voltage range from 1.5 to
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4.0 V at different current densities. Cyclic voltammetry of the electrodes was
conducted at a scan rate of 0.1 mV s-1 between 1.5 and 4.0 V vs. Li/Li+.

A beaker-type three-electrode test cell was fabricated to investigate the specific
capacitance for supercapacitors, consisting of as-synthesized V 2 O 5 nanowires on
Pt foil as the working electrode, a Pt foil (4 cm2) counter electrode, a saturated
calomel electrode (SCE) as the reference electrode, and a 2 M KCl aqueous
solution as electrolyte. CV testing was conducted over a voltage range of -0.2 – 0.7
V at various scan rates (5 mV s-1, 10 mV s-1, 20 mV s-1, 50 mV s-1).

4.3 Results and Discussion

4.3.1 Structural and Morphological Analysis

Typical XRD patterns to determine the phase of the V 2 O 5 commercial powders, the
V 2 O 5 nanowires and the V 3 O 7 ·H 2 O precursor are shown in Fig. 4-1. The as –

annealed product (b) is highly crystallized, and the diffraction peak positions agree
well with those of the commercial V 2 O 5 (a), which can be indexed to the
orthorhombic system with the lattice constants a = 11.516 Å, b = 3.5656 Å, and c =
4.37275 Å (PDF 41-1426), while Fig. 4-1(c) can be indexed to the phase of
V 3 O 7 ·H 2 O (PDF 28-1433). From the XRD patterns, it can be found that the major
diffraction peaks of pure V 2 O 5 nanowires at 2θ = 15.54, 20.46, 21.88, 26.42
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and 31.18°, can be assigned as the crystal planes of (200), (001), (101), (110), and
(400), respectively. The other peaks at 2θ = 32.54, 34.40, 41.54, and 47.52° can
also be observed from the V 2 O 5 nanowires but with relatively low intensity,
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Figure 4-1. X-ray diffraction patterns of commercial V 2 O 5 (a), V 2 O 5
nanowires (b), and V 3 O 7 ·H 2 O precursor (c).

Field-emission scanning electron microscope (FE-SEM) and transmission electron
microscopy (TEM) images of the V 2 O 5 nanostructures synthesized at 180 °C for
48 h are shown in Fig. 4-2. The lower magnification image (Fig. 4-2(a)) indicates
that the resulting flocculent precipitate is composed entirely of a large number of
wire-like nanostructures with lengths up to hundreds of micrometers. We even can
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see the long wires using the naked eye. Furthermore, it is very obvious that the
nanowires can bend and therefore exhibit perfect flexibility. This may be attributed
to the ideal diameters of the vanadium pentoxide nanowires. Fig. 4-2(b) displays
V 2 O 5 nanowires approximately 50 – 100 nm in diameter. The TEM image in Fig.
4-2(c) further affirms that the calcined product is indeed composed of V 2 O 5
nanowires with diameters around 80 nm and lengths of up to hundreds of
micrometers. The clear spots in the selected area electron diffraction (SAED)
pattern (the inset in Fig. 4-2(c)) reveal the single crystalline nature of the
individual V 2 O 5 nanowires on a [001] zone axis.

When the image of the

nanowire is overlaid on the diffraction pattern, one observes that the long axis of
the nanowire points toward the (020) spot. Thus, if the growth occurs along the
length of the nanowire, then this information suggests a [010] growth direction for
the nanowires. A high resolution TEM (HRTEM) image of a typical orthorhombic
V 2 O 5 nanowire is shown in Fig. 4-2(d). It indicates that the V 2 O 5 nanowire is
single crystalline, and the lattice fringes are clearly visible with a spacing of 0.58
nm, which is in good agreement with the spacing of the (200) planes of V 2 O 5
(PDF card no.41-1426).
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Figure 4-2. FE-SEM images of the obtained nanowires: (a) lower
magnification; (b) higher magnification. TEM (c) and HRTEM (d) images of
the nanowires. The inset in (c) is the corresponding SAED pattern.

4.3.2 Electrochemical measurements

Fig. 4-3 shows the charge-discharge curves and their corresponding differential
profiles for the V 2 O 5 nanowire and commercial V 2 O 5 electrodes under a constant
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current density of 0.1 C (C = 437 mA g-1) between 1.5 and 4.0 V vs. Li+/Li. In the
first cycle, the specific discharge capacity of V 2 O 5 nanowires (Fig. 4-3(a)) is as
high as 357 mA h g-1 , which is higher than that of commercial V 2 O 5 powders (315
mA h g-1), as shown in Fig. 4-3(b). The high discharge capacity of the nanowires
may be ascribed to their larger surface area. Meanwhile, it should be noted that the
open circuit potential of the nanowire electrode was very close to 3.5 V, while
those of the commercial samples are lower. In addition, the discharge curves
exhibit multiple stages in both samples, which are related to the phase
transformations involved in Li+ insertion and extraction. In terms of the capacity of
the V 2 O 5 nanowire electrode, a total of 2.42 mol Li+ was inserted into the cathode
to form the Li 2.42 V 2 O 5 phase in the discharge stages, while the charge curve, with
a capacity of about 367 mA h g-1, does not present any voltage plateaus. After that,
the specific capacity of V 2 O 5 nanowires is reduced from 357 to 243 mA h g-1 after
20 cycles, while the commercial electrode only shows 204 mA h g-1. The
performance of the nanowire electrode can be attributed to its nanowire
morphology, nanoscale size, and typical layered structure. Therefore, it is
suggested that the Li diffusion constant may be more easily relaxed in this
structure. However, the capacity fading in the nanowire electrode is more
significant, decreasing to 143 mA h g-1 after 50 cycles, which is also slightly lower
than that of the commercial powders (149 mA h g-1) under 0.1 C. This may be
because some vanadium dissolution occurs when the oxide is discharged to 1.5 V.
The vanadium dissolution in sample V 2 O 5 nanowires may be enhanced because
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the higher specific surface area amplifies this phenomenon. This behavior is also
consistent with a report that amorphous materials dissolve more easily than
crystallized ones. In additions, the discharge voltage of V 2 O 5 nanowires is too low
to be adopted in lithium ion battery practically. The voltage drops during the
discharge as the cell resistance increases due to the accumulation of discharge
products, activation and concentration, polarization, and related factors. The
discharge curves are similar to each other in Fig. 4-3(a). The curve of first cycle
presents a cell with a higher internal resistance or a higher discharge rate. As the
cell resistance or the discharge current is increased, the discharge voltage decreases
and the discharge show a more sloping profile.

The differential charge and discharge profiles of V 2 O 5 nanowires are shown in Fig.
4-3(c). The first cycle presents four reduction peaks at 3.2, 2.38, 2.3 and 2.04 V.
This indicates that the reduction takes place as a multistep process, which is
relevant to the galvanostatic voltage presented in Fig. 4-3(a). The peaks are
assigned to the phase changes of Li+ insertion. It was found that the sample went
through five different phases: α-V 2 O 5 , ε-Li x V 2 O 5 , δ-Li x V 2 O 5 , γ-Li x V 2 O 5 , and
ω-Li x V 2 O 5 in series with increasing x value [63 – 64]. These peaks disappear in
the following cycles, and just a broad hump at about 2.5 V is observed, suggesting
irreversible phase transformation during the process of Li+ intercalation and
deintercalation in the initial cycle. Here, the intensity of the peaks drops quickly,
showing worse reversibility of the reaction between Li+ ions and V 2 O 5 . Thus, the
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as-prepared V 2 O 5 nanowire electrode still can not achieve a great enhancement of
the cycling stability and needs to be improved.
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Figure 4-3. Charge-discharge curves for selected cycles of (a) V 2 O 5 nanowire
and (b) commercial V 2 O 5 electrodes at current density of 0.1 C (C = 437 mA
g-1), and (c) differential profiles of V 2 O 5 nanowire electrode from 1.5-4.0 V.

Fig. 4-4 summarizes the cycling behavior of vanadium pentoxide nanowires and
commercial powders. The V 2 O 5 nanowire electrode shows large reversible
capacity in the initial cycles. With increasing cycle number, the capacity then
gradually decreases, and 53% of the initial discharge capacity is retained after 40
charge-discharge cycles. This performance is likely to be due to structural
degradation after the redox cycling. Nevertheless, the curve of the cyclability is
still more stable than that of the commercial electrode, with a slightly undulating
curve, which may be caused by the electrochemical activation process of the active
materials. Obviously, this indicates that the nanostructured materials exhibit better
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capacity retention. It has been demonstrated that both the morphology and the
particle size have an influence on the cycle life [65]. Increased uniformity of the
nanowires should lead to superior electrochemical performance. In addition, the
average coulombic efficiencies of V 2 O 5 nanowires and commercial powders are
approximately 97% and 83%, explaining the potentialities of nanostructures for
lithium ion batteries.

Cyclic voltammograms of the V 2 O 5 nanowires and commercial V 2 O 5 in 2 M KCl
at different scan rates are shown in Fig. 4-5. It can be seen that both the V 2 O 5
nanowires and the commercial electrodes show typical rectangular shaped CV
curves at a low scan rate (5 mV s-1) compared to the curves at higher scan rate,
which indicates a constant charging and discharging rate applied over the entire
specific voltage range [66]. In Fig. 4-5(a), the specific capacitance of V 2 O 5
nanowires calculated from the CV curve is 126 Fg-1 at a 5 mV s-1 scan rate, which
is comparable to the value for V 2 O 5 commercial powders (67 Fg-1) from Fig.
4-5(b). Furthermore, there are two small peaks at the voltages of 0.42 V and 0.55 V
on the charge and discharge sweeps, which may represent the insertion and
de-insertion of active K+ ions.
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Figure 4-4. Cycling stability of V 2 O 5 nanowire (solid squares) and
commercial-powder (solid circles) electrodes at current density of 0.1 C (C =
437 mA g-1).
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4.4 Conclusion

In summary, nanowires of V 2 O 5 were prepared via a surfactant-assisted
hydrothermal method, followed by a post-annealing process. The V 2 O 5 thus
obtained was characterized by XRD and electron microscopy studies. The
electrochemical

characterization revealed that

the

nanowire

V2O5

was

electrochemically active towards Li+ insertion and extraction in the potential
window of 1.5 – 4.0 V, with a high initial discharge capacity (357 mA h g-1).
However, this capacity faded on cycling due to inherent phase changes and the
discharge voltage is too low to be adopted in lithium ion battery practically. The
results demonstrate that the V 2 O 5 nanowires can be used as cathode materials in
lithium-ion batteries, exhibit superior properties to the commercial powders, and
have the potential for applications. In addition, a common capacitance value for
vanadium pentoxide, 126 Fg-1 in 2 M KCl electrolyte at a scan rate of 5 mV s-1, has
been measured for the product. It is anticipated that, although these features still
need to be improved, nanostructured V 2 O 5 will be beneficial for supercapacitor
performance.
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Chapter 5 Study of Nanostructured Hematite (α –
Fe 2 O 3 ) Hollow Spheres for lithium-ion batteries
5.1 Introduction

Currently, there is growing interest in the fabrication of nanostructures with desired
morphologies and properties. Among these, hollow spheres with nanostructures
have attracted tremendous attention as a special class of materials compared to
other solid counterparts, owing to their lower density, higher specific surface area,
and widespread potential applications in catalysis, lightweight materials, drug
delivery, chemical sensors, and other various new fields [67 – 68]. So far, a variety
of synthetic approaches have been developed for hollow spheres, which include
both metals and oxides. Generally, the method for the preparation of such
nanostructured hollow spheres is based on the use of various templates, including
hard templates such as silica spheres [69 – 70], polymer latex colloids [71 – 72],
and carbon spheres [73 – 74], or soft templates such as gas bubbles [75 - 77],
emulsion droplets [78 – 79], and surfactant vesicles [80]. However, the yield of
hollow spheres prepared via template directed approaches is low, or their shells are
not intact, which usually leads to poor mechanical performance [81]. To overcome
these difficulties, the utilization of some physical phenomena, such as the
Kirkendall effect or Ostwald ripening, have been developed to synthesize diverse
hollow spheres. For instance, Alivisatos and his co-workers synthesized cobalt
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oxide hollow nanocrystals through a mechanism analogous to the Kirkendall effect
[82]. To date, the strategy of preparing hollow spheres via template-free methods is
still a great challenge for both material synthesis and advanced nanodevices [83].

As the most stable iron oxide under ambient conditions, hematite (α – Fe 2 O 3 ), an
environmentally friendly n-type semiconductor (energy gap, E g = 2.1 eV), has
been extensively used in the production of pigments, catalysts, gas sensors, and
raw materials for hard and soft magnets [84]. Furthermore, Fe 2 O 3 has also been
shown to act as a rechargeable conversion electrode material that reacts with six Li
per formula unit, exhibiting higher capacity (e.g., maximum of 372 mA h g-1 for
graphite) and discharge voltage than the carbonaceous substances resulting in the
lower energy of practical battery used in commercial lithium-ion batteries. Because
of their good properties, much attention has been directed to the controlled
synthesis of hematite particles. Iron oxides with large particles have been
considered too difficult to use as anode materials for lithium-ion batteries due to
their irreversible phase transformation during the reaction [85]. Nevertheless, there
have been reports on the effects of particle size on the lithium reaction with α –
Fe 2 O 3 , which reached the conclusion that nanostructured α – Fe 2 O 3 has better
electrochemical performance than micro-sized α – Fe 2 O 3 [86]. Recently, many
groups have synthesized α – Fe 2 O 3 hollow structures through various methods.
Thomas and co-workers used carbohydrates and metal salts as precursors to
synthesize various metal oxides spheres. Therefore, it still remains a challenge to
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develop simple and versatile approaches to synthesize nanostructured α – Fe 2 O 3
hollow spheres. Among the methods mentioned above used to prepare
nanostructured hollow spheres, hydrothermal treatment has been shown to be
advantageous over other methods in terms of homogeneous nucleation and grain
growth of hematite nanocrystals [87].

Herein, we describe an easy route to synthesize nanostructured α – Fe 2 O 3 hollow
spheres via a low temperature hydrothermal method using potassium ferricyanide
(K 3 [Fe(CN) 6 ]) as a precursor and report on a study of their properties as attractive
anode materials for lithium-ion batteries. The electrochemical properties of
nanostructured α – Fe 2 O 3 hollow spheres as anode material for lithium-ion
batteries were investigated using cyclic voltammetry and electrochemical
discharge-charge testing.

5.2 Experimental

5.2.1 Preparation of nanostructured α – Fe 2 O 3 hollow spheres

In a typical experiment, 0.375 g of potassium ferricyanide (K 3 [Fe(CN) 6 ]), 0.081 g
of sodium sulfate (anhydrous Na 2 SO 4 ), 0.02 g of hexadecyltrimethylammonium
bromide (CTAB) and 0.4 mmol ammonia phosphate (NH 4 H 2 PO 4 ) aqueous
solution, were dissolved in deionized water under magnetic stirring at room
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temperature until an orange-yellow transparent solution was obtained. The solution
was then sealed into a 50 mL autoclave with a polytetrafluoroethylene (PTFE,
Teflon) lining inside a stainless-steel shell. The autoclaves were put under
hydrothermal treatment at 180 °C for 8 h and cooled to room temperature naturally.
After that, the resulting product was separated and collected by centrifugation
(12000 revs min-1), washed with ethanol and distilled water to ensure total removal
of the inorganic ions, and then dried under vacuum at 60 °C for 6 h. 0.084 g
carmine Fe 2 O 3 powders were obtained with a productivity of 92%. The final
product was annealed at 500 °C and 700 °C for 4 h to yield nanostructured α –
Fe 2 O 3 hollow spheres.

5.2.2 Characterization

The morphology and microstructure of the as-prepared nanostructured α – Fe 2 O 3
hollow spheres were characterized by X-ray diffraction (XRD) using a GBC MMA
X-ray diffractometer with Cu Kα radiation and a graphite monochromator,
scanning electron microscopy (SEM, JOEL 6460), and transmission electron
microscopy (TEM, JEOL 2011 200 keV analytical electron microscope). The
specific surface area of the nanopowders was determined by the gas sorption
technique using a Quanta Chrome Nova 1000 Gas Sorption Analyzer based on the
BET method. N 2 adsorption isotherms were obtained on the same facility to
analyze the pore size distributions for the as-prepared products.
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5.2.3 Electrochemical measurements

To test the electrochemical performance, the as-synthesized nanostructured α –
Fe 2 O 3 powers calcined at 700 °C were mixed with carbon black and a binder,
polyvinylidene difluoride (PVdF), in a weight ratio of 70:20:10, respectively, in a
solvent consisting of N-methyl pyrrolidinone (NMP). The slurry was uniformly
pasted onto pieces of Al foil with an area of 1 cm2. Such prepared electrode sheets
were dried at 110 °C in a vacuum oven for 12 h and then pressed for 10 s.
Subsequently, the coin cells were assembled in an argon-filled glovebox, with α –
Fe 2 O 3 nanoparticles on Cu foil as the working electrode, Li foil as the counter
electrode and reference electrode, a polypropylene film as separator, and 1 M
LiPF 6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume)
as the commercial electrolyte. Charge-discharge and cyclic voltammetry (CV)
measurements were performed using a Neware battery test station and a CHI 660B
electrochemistry workstation. The cells were cycled in a voltage range from 0.01 to
3.0 V at different current densities in the range of 50 – 100 mA g-1. Cyclic
voltammetry of the electrodes was conducted at a scan rate of 0.2 mV s-1 between
0.01 and 3.0 V vs. Li/Li+.
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5.3 Results and Discussion

5.3.1 Structural and Morphological Analysis

Typical X-ray diffraction patterns, which reveal the phase and morphology
information for the nanostructured α – Fe 2 O 3 powders prepared using the
hydrothermal method, are shown in Fig. 5-1. It can be seen that the as-synthesized
sample is an amorphous material, although it matches the XRD spectrum of
standard hematite (PDF 86 – 0550) (Fig. 5-1(a)). Fig. 5-1(b) presents the similar
XRD pattern of the product, which was obtained after calcination at 500 °C.
However, after calcination at 700 °C, the structure changes to α – Fe 2 O 3 (hematite)
(PDF 86 – 0550), with sharp X-ray diffraction lines showing increased crystallinity,
as shown in Fig. 5-1(c). The average size of α – Fe 2 O 3 crystallites was estimated
by the well known Scherrer formula to be about 31.4 nm. Meanwhile, some other
weak diffraction peaks from Fe 2 P (PDF 89 – 3680) and FeP 4 (PDF 79 – 0486) can
be detected, meaning that the powders consist of crystalline α – Fe 2 O 3 , Fe 2 P, and
FeP 4 .
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Figure 5-1. XRD patterns of as-prepared Fe 2 O 3 hollow spheres (a), after
calcination at 500 °C (b), and at 700 °C (c).

Typical TEM images of the hollow Fe 2 O 3 spheres are shown in Fig. 5-2(a) and (b).
The structure of the hollow spheres was observed in the contrast between the dark
edges and pale centers in the TEM observations, as shown in Fig. 5-2(a), in which
all the spherical particles have a hollow cavity inside. By examining the TEM
images of the sample, as in Fig. 5-2(b), we found that almost all the products are
hollow spheres 200 – 560 nm in diameter. The average particle size is 380 nm, and
the thickness of the shell wall is 50 nm. As can be seen from the TEM image of
Fe 2 O 3 hollow spheres after calcination at 700 °C (Fig. 5-2(c)), each entire hollow
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sphere is built up of numerous Fe 2 O 3 nanoparticles 2 – 10 nm in diameter.
Interestingly, these nanoparticles are connected together side by side to form the
spherical structures. Fig. 5-2(d) is an SEM image of the Fe 2 O 3 hollow spheres.
From the broken sphere, we could further conclude that these spheres are hollow.
All of these illustrate that hollow Fe 2 O 3 spheres can obtained under the present
experimental conditions. Furthermore, the results of many experiments show that
this method has excellent reproducibility, and the resultant structures are highly
stable. The hollow structure with mesopores at the surface will be widely used in
catalysis, biotechnology, and other advanced applications, and it is more efficient
than other solid structures [81].

The high porosity of nanostructured α – Fe 2 O 3 hollow spheres was confirmed by
measurement of the Brunauer – Emmett – Teller (BET) surface area and
corresponding nitrogen adsorption and desorption isotherms, as shown in Fig. 5-3.
The isotherm can be categorized as type III, with a distinct hysteresis loop
observed in the range of 0.39 – 1.0 P/P 0 . The measurements show that these
spheres have pores with average diameters of ~ 8.5 nm and that the BET surface
area is 80 m2 g-1 (Fig. 5-3, inset). Moreover, it is conclusively demonstrated that α
– Fe 2 O 3 hollow spheres are composed of a number of small nanoparticles.
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(a)

(b)

(c)

(d)

Figure 5-2. (a, b) TEM images of as prepared α – Fe 2 O 3 hollow spheres at
different magnifications; (c) TEM image and (d) SEM image of the α – Fe 2 O 3
hollow spheres after calcination at 700 °C.
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Figure 5-3. BET pore-size distribution and the corresponding N 2
adsorption-desorption isotherm (inset) of α – Fe 2 O 3 hollow spheres.

5.3.2 Electrochemical measurements

Fig. 5-4 shows the charge – discharge curves of the α – Fe 2 O 3 hollow sphere
(calcined at 700 °C) electrode in the first and second cycles at different current
densities. In the discharge curve of the first cycle (Fig. 5-4(A)), there was a
potential plateau at 1.0 – 0.9 V, which decreased to 0.8 – 0.7 V with increasing
current density, corresponding to the reaction processes of α – Fe 2 O 3 with lithium.
For the second cycle (Fig. 5-4(B)), there is a discharge slope observed in the range
of 0.9 – 0.7 V, with a decrease in the discharge capacity. The initial discharge
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capacities of the product are 1258.8, 1153, and 920 mA h g-1 at current densities of
50, 80, and 100 mA g-1, respectively. The corresponding reversible discharge
capacities are 972, 910, and 739 mA h g-1. It can be seen that the discharge
capacity decreases with increasing current density, which apparently results from
the higher polarization at a large current density.

It is well known that the lithium intercalation performance is related to the intrinsic
crystal structure, in terms of the introduction of lithium ions into the holes in the
hematite surface. The capacity and affinity will be greatly enhanced by increasing
the surface area or the porosity of the hematite crystals. Therefore, the materials
with the smallest size and highest surface area would exhibit the highest discharge
capacity [88 - 89]. For comparison purposes, the electrochemical properties of the
nanostructured α – Fe 2 O 3 hollow spheres fabricated in this work and those of
α – Fe 2 O 3 with different particle size reported in the literature are summarized in
Table 5-1. The effects of particle size and crystal structure on the electrochemical
performance of α – Fe 2 O 3 can be clearly seen. The nanostructured α – Fe 2 O 3
hollow sphere electrode in this study exhibits a high discharge capacity of 1153
mA h g-1 at a current density of 80 mA g-1, while the electrode containing α –
Fe 2 O 3 submicron flowers exhibits 1020.7 mA h g-1 at the same current density. It is
evident that the excellent electrochemical properties of the – Fe 2 O 3 hollow sphere
nanostructures, which are apparently composed of primary nanoparticles, are due
to the higher surface area and the particle size.
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Figure 5-4. The first (A) and second (B) charge-discharge curves of the α –
Fe 2 O 3 hollow sphere electrode at different current densities: (a) 50 mA/g, (b)
80 mA/g, and (c) 100 mA/g.
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Table 5-1. Comparison of electrochemical properties of α – Fe 2 O 3 hollow
spheres with those of α – Fe 2 O 3 with different structure reported in the
literature.
Samples

α – Fe 2 O 3 hollow spheres

α – Fe 2 O 3 submicron flowers

α – Fe 2 O 3 nanospheres
α – Fe 2 O 3 nanoparticle
aggregations

Current
density
(mA g-1)
50
80
100
20
60
80
100
20

Potential
range
(V vs. Li/Li+)

0.01 – 3.0 V

Initial
capacity
(mAh g-1)
1258.8
1153
920
1248
1171
1020
905
1248.1

60

0.01 – 3.0 V

834

0.01 – 3.0 V

0.01 – 3.0 V

References

This work

[86]

[88]
[75]

Fig. 5-5 presents the cycling behaviour of α – Fe 2 O 3 electrode measured at two
different current densities. There is a high initial specific capacity at a given
current density. However, the capacities then decreased sharply, and the rate of the
capacity decay from the 1st to the 10th cycle is high. A typical α – Fe 2 O 3 electrode
sample just maintains a capacity of 385 mA h g-1 at a current density of 50 mA g-1
after 10 cycles. This may be related to relief of the stress caused by volume change
during the numerous charge-discharge cycles and suppress the degradation of the
material. However, it demonstrates that the cycling stability of the as-prepared
electrode still needs to be improved further.
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Figure 5-5. The discharge capacity vs. cycle number curves of α – Fe 2 O 3
hollow sphere electrode at current densities of 50 mA g-1 and 100 mA g-1.

5.4 Conclusions

In summary, nanostructured α – Fe 2 O 3 hollow sphere powders have been prepared
via an economical and efficient hydrothermal process. It is believed that the
present work will open up ways to systematically explore fabrication of hollow
nanostructures. Although the growth mechanism of the α – Fe 2 O 3 hollow spheres
is unclear, the method used here is a good way to synthesize other metal oxide
hollow spheres. SEM and TEM measurements were also used to show that the
hollow sphere particles were composed of a number of smaller particles with 2 –
10 nm diameters. After calcination of the α – Fe 2 O 3 at the temperature of 700 °C,
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these powders can be made into anode electrodes with good electrochemical
performance in the voltage range between 0.01 – 3.0 V versus Li/Li+. The electrode
exhibits a high initial capacity of 1258.8 mA h g-1. However, the cycling stability
of the as-prepared electrode still needs to be improved in the future work to make it
suitable for lithium-ion batteries.
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Chapter 6 General Conclusions

The goal of this thesis was to study electro-active anode and cathode materials for
use in lithium-ion batteries, by means of physical, structural, and electrochemical
characterization techniques. The work has been focused on searching for new
nanostructured materials with high power and energy densities, and long-term
cycling stability. The outcomes are summarized as follows.

This thesis first reports on an investigation into V 2 O 5 nanowires as cathode
electrode for lithium-ion batteries. These samples were prepared via an
environmental hydrothermal approach. It was found that the resulting powders are
composed entirely of a large number of wire-like nanostructures with lengths up to
hundreds of micrometers. The electrochemical performance of these V 2 O 5
nanostructures for lithium ion batteries and supercapacitors was evaluated by
galvanostatic charge-discharge measurements and cyclic voltammetry. A high
initial discharge capacity of 357 mA h g-1 was achieved in the voltage range of 1.5
– 4.0 V (versus Li metal) at a current rate of 0.1 C (C = 437 mA g-1), while a
specific capacitance of 126 Fg-1 in 2 M KCl electrolyte at a 5 mV s-1 scan rate was
found in testing for supercapacitor applications.

An easy and convenient synthesized process, hydrothermal treatment, was utilized
to prepare hollow sphere α – Fe 2 O 3 as anode electrode for lithium-ion batteries. It
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is interesting that the hollow spherical particles were composed of smaller particles
2 – 10 nm in diameter. In terms of electrochemical performance, α – Fe 2 O 3
nanomaterials showed an ideal specific discharge capacity of 1258.8 mA h g-1 at
the first cycle. The electrochemical performance is considered to be affected by the
morphology and the surface area of the electrode materials.

As an important energy storage system, lithium-ion batteries will continue to
attract worldwide attention to improve their performance. Negative and positive
electrode materials play a critical role in determining the overall properties of
lithium-ion batteries. Thus, in order to meet the challenging requirements of
large-scale energy storage, electric vehicles, and portable electronic devices, new
electrode materials will be certainly investigated for the development of advanced
lithium-ion batteries.
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